Abstract. Staphylococcal enterotoxin B (SEB) and α-toxin produced by Staphylococcus aureus (S. aureus) are important in the pathogenesis of diseases. In the present study, we investigated the effects of SEB and α-toxin on ECV304 cells. It was identified that both SEB and α-toxin were capable of inducing the apoptosis of ECV304 cells in a dose-and time-dependent manner. In addition, SEB and α-toxin were able to induce the expression of TNF-α and the activation of caspase-3 and -8 in the ECV304 cells. The inhibition of TNF-α (with its neutralizing antibody) and caspase-3 and -8 [with the corresponding inhibitory peptides; z-N-acetyl-Asp-Glu-ValAsp-aminomethyl-coumarin (DEVD)-fluoromethyl ketone (FMK) for inhibition of caspase-3 and z-N-acetyl-Ile-Glu-ThrAsp (IETD)-FMK) for inhibition of caspase-8] significantly decreased the rates of cell apoptosis induced by SEB and α-toxin, but was not able to completely block the induced cell apoptosis. These data suggest that SEB and α-toxin induce ECV304 cell apoptosis via a similar mechanism, which is partially mediated by the extrinsic death pathway involving TNF-α and caspase-8. These results provide insights into the synergistic pathogenicity of SEB and α-toxin during S. aureus infection.
Introduction
Staphylococcus aureus (S. aureus) is one of the most common bacterial infections worldwide, and is a common pathogen that is encountered clinically by obstetricians, gynecologists and neonatologists (1) (2) (3) . It is carried by 25-35% of the population as residential bacterial flora, which may cause a wide range of diseases (including arthritis, osteomyelitis, dermatitis and mastitis), as well as bacteremia, abscesses, toxemia and sepsis. These suppurative infections are associated with tissue destruction and cell death (4) . Multiple virulence factors are required for S. aureus to induce apoptosis in infected cells, among which staphylococcal enterotoxin B (SEB) and α-toxin are important. α-toxin, a 34-kDa pore-forming protein, is essential for the modulation of S. aureus-induced cytotoxicity in Jurkat T lymphocytes, human peripheral blood lymphocytes and monocytes (5) . In addition, α-toxin is capable of inducing the apoptosis of epithelial (6) and endothelial (7, 8) cells. SEB is not only an exotoxin associated with fatal toxic shock syndrome (9) , but also a superantigen with the capacity to strongly activate oligoclonal populations of T lymphocytes, which express antigen receptors with homologous β chain variable regions (Vβ families) (10) . A number of studies have demonstrated that SEB activates the pathways controlling the process of apoptosis in a variety of cell types (11, 12) . As SEB and α-toxin are simultaneously produced by S. aureus and are involved in disease pathogenesis, it is necessary to investigate whether SEB and α-toxin are able to induce the apoptosis of the same cells.
Apoptosis, or programmed cell death, is primarily mediated by a family of intracellular cysteine proteases, termed caspases (13) . Caspases are synthesized as inactive proenzymes and are proteolytically processed to form an active complex. Caspases may be divided into initiator and effector caspases, according to their structure and order. Initiator caspases, including caspase-8 and -9, exert regulatory roles. Upon binding to signal transducing molecules, they activate downstream effector caspases, such as caspase-3, which cleave various cellular substrates, thereby inducing the death of the cell (14, 15) . The activation of caspases is achieved via two principal signaling pathways, namely the extrinsic and intrinsic death pathways (14) . The extrinsic death pathway involves the ligation of death receptors (CD95/Fas/APO-1 and TNF receptor-1), resulting in the recruitment of the adapter molecule, Fas-activated death domain (FADD), and pro-caspase-8 into a death-inducing signaling complex. By contrast, the intrinsic death pathway is initiated at the mito- chondrion by the release of cytochrome c, a process that is inhibited by anti-apoptotic proteins of the Bcl-2 family. When released, cytosolic cytochrome c binds to dATP, and apoptosis-activating factor-1 binds to pro-caspase-9, to form the apoptosome. Upon the formation of this death-inducing signaling complex, pro-caspase-8 and -9 are autoproteolytically processed, respectively, resulting in the activation of downstream caspases. In this study, we utilized ECV304 cells, which exhibit certain endothelial characteristics and are advantageous for the study of receptor pharmacology and cytochemistry (16) . The cells were used to investigate whether SEB and α-toxin were able to induce the apoptosis of ECV304 cells, and whether this occurred via similar mechanisms. Cell lines and culture. ECV304 cells (Cell Lines Service, Gmbh, Eppelheim, Germany) were maintained in RPMI-1640 medium (Gibco-BRL, Carlsbad, CA, USA) with 2 mM L-glutamine, adjusted to contain 1.5 mg/ml sodium bicarbonate, and supplemented with 0.1 mg/ml heparin, 10% heat-inactivated fetal bovine serum (FBS), 50 µg/ml streptomycin and 50 µg/ml penicillin at 37˚C in a humidified atmosphere with 5% CO 2 . Assays were performed in RPMI-1640 medium that was not supplemented with 10% FBS. In certain experiments, the RPMI-1640 medium was supplemented with various inhibitors, antibodies and/or different concentrations of SEB or α-toxin.
Materials and methods

Reagents
Treatment of cultured cells with SEB or α-toxin, antibodies and various inhibitors.
Cultured cells were counted and plated at a density of 1x10 5 /ml in 6-well tissue culture plates. When the cells had adhered to the plates and the medium was changed to serum-free RPMI-1640 medium, different concentrations of SEB or α-toxin were added to the cells for 8 h. Soluble culture supernatants and cell pellets were collected following centrifugation at 400 x g for 10 min. The level of TNF-α in the culture supernatants was measured using the ELISA kit, according to the manufacturer's instructions. The levels of apoptosis and caspase activity were measured in the cell pellets. When antibody or caspase inhibitors were used, anti-human TNF-α, z-DEVD-FMK or z-IETD-FMK was added to the cultured cells, resulting in final concentrations of 20 µg/l, 2 mM and 2 mM, respectively. Cell pellets were also collected in order to detect apoptosis by flow cytometry. Cells cultured without SEB or α-toxin were used as controls in all assays.
Detection of apoptosis by flow cytometric analysis.
To monitor the apoptosis-related changes in the plasma membrane, phosphatidylserine was detected on the surface of the plasma membrane using annexin V, and the membrane permeability was assessed using propidium iodide (PI) (17) , according to the instructions provided by the manufacturer of the Annexin V staining kit. Briefly, 1x10 5 /ml cells were exposed to medium alone (that did not contain FBS) or various inhibitors, antibodies, and/or different concentrations of SEB or α-toxin. The cells were then washed and re-suspended in 0.1 ml staining solution [2% annexin V-FITC and 2% PI-phycoerythrin (PE), by volume, in HEPES buffer], and incubated for 15 min in the dark at room temperature. The cells were then analyzed by flow cytometry on a fluorescence-activated cell sorting system (FACSCalibur, Becton Dickinson, Heidelberg, Germany) using CellQuest analysis software (BD Biosciences). For each determination, a minimum of 50,000 cells were analyzed. Live cells were not stained with PI or annexin V. Early apoptotic cells were defined as those stained with annexin V, but not with PI, and late apoptotic or necrotic cells were defined as those stained with both reagents.
Colorimetric determination of caspase-3 and -8 activity.
The activity of the caspases was determined using Caspase Colorimetric Assay kits according to the manufacturer's instructions. Briefly, cell lysates were incubated for 2 h at 37˚C with 5 µl of the 4 mM substrates [DEVD-p-nitroanilide (pNA) for caspase-3, or IETD-pNA for caspase-8] in a 50-µl reaction buffer, containing 50 mM HEPES (pH 7.4), 100 mM NaCl, 10% sucrose, 0.1% CHAPS and 10 mM DTT. Based on the chromophore pNA following cleavage from the labeled substrate (DEVD-pNA or IETD-pNA), the pNA light emission was quantified using a spectrophotometer at 405 nm. The comparison between the absorbance of pNA in an apoptotic sample and in an uninduced control enabled the determination of the fold-increase in caspase activity.
Statistical analysis.
The results are presented as the mean ± SEM. To assess the significance of differences within experiments, a Tukey b test in a one-way analysis of variance (ANOVA) was used. P<0.05 was considered to indicate a statistically significant difference.
Results
Induction of apoptosis in ECV304 cells exposed to SEB or α-toxin.
Flow cytometry analysis of FITC-annexin V-labeled cells stained with PI enabled host cells in the early and late stages of apoptosis to be distinguished. Following the incubation of the ECV304 cells with different concentrations of SEB or α-toxin for 8 h, SEB (Fig. 1A ) and α-toxin (Fig. 1B) were demonstrated to induce the apoptosis of ECV304 cells in a dose-dependent manner. The level of apoptotic cells reached a peak at 5 µg/ml SEB and 30 ng/ml α-toxin; hence, these concentrations were then utilized when investigating the level of apoptosis over 8 h in the incubated ECV304 cells. When the ECV304 cells were incubated with 5 µg/ml SEB or 30 ng/ml α-toxin for different lengths of time, the level of apoptotic cells represented a statistically significant (P<0.05) time-dependent increase (Fig. 2) .
Cell apoptosis induced by SEB or α-toxin is partially mediated by TNF-α. Apoptosis is achieved via two principal signaling pathways, the extrinsic and intrinsic death pathways (14,15).
It was predicted that TNF-α may be involved in the induction of cell death. To test the hypothesis, we measured the level of TNF-α production and the effect of TNF-α antibody on cell apoptosis induced by SEB or α-toxin. Following an 8-h incubation of the ECV304 cells with different concentrations of SEB or α-toxin, the level of TNF-α production was A B C D significantly higher than that of the control cells (Fig. 3A and  B) . The addition of an anti-TNF-α antibody to the incubated ECV304 cells prior to the addition of SEB or α-toxin significantly decreased the rates of cell apoptosis induced by SEB or α-toxin ( Fig. 3C and D) ; however, the rates of apoptosis remained higher than those of the control cells.
SEB and α-toxin activate caspase-3 and -8 in ECV304 cells.
Apoptosis is predominantly mediated by activation of the caspase cascade, resulting in the cleavage of several death substrates. To examine the cell death pathway induced by SEB or α-toxin in more detail, we incubated ECV304 cells with SEB or α-toxin, and analyzed the cell extracts for caspase-3 and -8 activity, as determined by the ability to cleave DEVD-pNA or IETD-pNA (the labeled substrates), respectively. Following 8 h of incubation, the addition of SEB and α-toxin resulted in a dose-dependent increase in caspase-3 ( Fig. 4A and B ) and -8 ( Fig. 5A and B ) activity in the ECV304 cells. Similar to the rates of apoptotis induced by SEB and α-toxin, caspase-3 and -8 activation also peaked at 5 µg/ ml SEB and 30 ng/ml α-toxin, respectively. Following the addition of caspase-3 inhibitory peptide (z-DEVD-FMK) or caspase-8 inhibitory peptide (z-IETD-FMK) to the incubated ECV304 cells, prior to the addition of SEB or α-toxin, the rates of cell death were significantly decreased compared with those observed with SEB or α-toxin alone. However, compared with the control cells (Figs. 4C and D, and 5C and D), the rates of apoptosis remained higher in the cells with z-IETD-FMK and z-DEVD-FMK. These results suggested that the inhibitors exerted a significant inhibitory effect on the subsequent induction of apoptosis and activation of caspase-3/8, which was partially mediated by SEB and α-toxin.
Discussion
S. aureus is a human commensal bacteria and also a predominant cause of community and nosocomial infection (2, 3, 18) . SEB and α-toxin produced by S. aureus are important in disease pathogenesis. Apoptosis is a major cause of cell death and tissue destruction in S. aureus infection (19) . In this study, we identified that SEB and α-toxin were able to induce the apoptosis of ECV304 cells in a dose-and time-dependent manner. This is concordant with other studies demonstrating that SEB was capable of inducing the apoptosis of human Jurkat cells (11) , and α-toxin was able to induce the apoptosis of human peripheral blood lymphocytes, monocytes (5), and epithelial (6) and endothelial (7, 8) cells. As SEB and α-toxin induce the apoptosis of ECV304 cells, it may be beneficial to understand the mechanism by which this occurs. Apoptosis is primarily mediated by a family of intracellular cysteine proteases, termed caspases (13, 20) . Caspase activation is achieved via two principal signaling pathways, the extrinsic and intrinsic death pathways (14, 15) . In this study, it was revealed that α-toxin stimulated the expression of TNF-α in the supernatants of ECV304 cells, which was consistent with a previous study demonstrating that the expression of TNF-α was upregulated in epithelial (6) and peripheral blood mononuclear (21) cells treated by S. aureus α-toxin. In addition, the removal of TNF-α with a neutralizing antibody significantly decreased α-toxin-induced cell death, but did not completely inhibit apoptosis. These findings suggested that TNF-α contributes to α-toxin-induced apoptosis through the extrinsic death pathway. In addition, we demonstrated that ECV304 cell apoptosis induced by SEB shared similar mechanisms to apoptosis induced by α-toxin. To the best of our knowledge, this is the first study indicating that SEB may partially induce the apoptosis of ECV304 cells through the extrinsic death pathway.
Since SEB and α-toxin initiated cell apoptosis by TNF-α binding to the TNF-α receptors in the host, downstream caspase pathways were also investigated. A small number of studies have demonstrated that S. aureus and α-toxin are able to activate both the effector caspase-3 and the two key initiator caspases, caspase-8 and -9 (22, 23) . Concordant with these studies, the results of the present study demonstrated that α-toxin induced the activation of caspase-3 and -8. In addition, the inhibition of either caspase-3 or -8 by their inhibitors significantly decreased, but did not completely block, the α-toxin-induced cell death. The downstream caspase pathways of ECV304 cell apoptosis induced by SEB were also investigated. It was identified that SEB and α-toxin had a similar mechanism of inducing the activation of caspase-3 and caspase-8. These results demonstrated that caspase-8, of the extrinsic death pathway, partially mediates the apoptosis of ECV304 cells induced by SEB and α-toxin.
In conclusion, SEB and α-toxin induced the apoptosis of ECV304 cells in a dose-and time-dependent manner. TNF-α expression induced by SEB and α-toxin contributed to mediating the death of the ECV304 cells, by the activation of caspase-3 and -8. These results suggested that SEB and α-toxin induce ECV304 cell apoptosis via similar mechanisms, partially mediated by the extrinsic death pathway of TNF-α and caspase-8. This study has provided insights into the synergistic pathogenicity of SEB and α-toxin during S. aureus infection.
